Infection of a cowpea line by cowpea severe mosaic virus (CPSMV) was inhibited by cowpea mosaic virus (CPMV) even though the plants were immune to CPMV. The inhibition was dose-dependent and was complete if CPMV was added to the inoculum in a 50-fold excess over CPSMV. Isolated CPMV RNA inhibited infection by CPSMV or by isolated CPSMV RNA. CPMV particles devoid of RNA (top component), u.v.-inactivated but intact CPMV particles or u.v.-inactivated CPMV RNA did not inhibit infection by CPSMV. Bottom component particles of CPMV, but not middle component particles, inhibited CPSMV to the same extent as unfractionated CPMV. These findings strongly suggest that the interference is not due to competition between the particles or the RNAs of the two viruses for infectible sites. It may be that CPMV infects cells of the 'immune' host subliminally and that the inhibition is associated with replication of at least bottom component RNA of CPMV.
INTRODUCTION
Cowpea mosaic virus (CPMV) can cause severe yield losses in cowpea [Vigna unguiculata (L.) Walp.]. The most effective control is achieved by breeding of resistant varieties. Immunity, whether it is true immunity or extreme localization of infection, resistance and tolerance are readily found in the cowpea germplasm collection (Williams, 1975) . However, as with other plant virus diseases, little is known about the mechanisms underlying these various forms of resistance.
In intact plants the cause of immunity to virus infection is difficult to study directly. If there is no interaction at all between inoculated virus and plant constituents, the basis of this incompatibility is hard to establish. If in immune plants an interaction does occur, this can, by definition, only be so to a limited extent and in a few, directly inoculated cells. Even when an infection cycle is completed in such cells, the problem is how to recognize these cells and how to select them for in situ studies. An indirect approach may be helpful here.
In experiments to see whether co-infection with CPMV and other viruses capable of multiplying in CPMV-immune plants could assist the infection of such plants by CPMV, the reverse effect was observed. The presence of CPMV in inocula of cowpea severe mosaic virus (CPSMV), blackeye cowpea mosaic virus or cowpea chlorotic mottle virus seemed to decrease the numbers of chlorotic local lesions induced by the three virulent viruses in CPMV-immune cowpeas (C. P. de Jager & I. Toma, unpublished results). Bruening et al. (1979) described this phenomenon briefly for the cowpea cultivar Arlington. Interference with CPSMV infection was associated with CPMV virus particles and CPMV RNA, but not with empty top component particles or u.v.-inactivated CPMV (Eastwell et al., I983) . Apparently, biologically active CPMV was required in this case. Isolated protoplasts from Arlington cowpeas multiply CPMV only to a level of 1 ~ of that reached in protoplasts from susceptible cowpeas .
In our present study we used a CPMV-immune cowpea line, the protoplasts of which are fully susceptible to CPMV (see Results). The immunity mechanism of this line therefore must be, at 0000-7706 © 1987 SGM least partially, different from that of cv. Arlington. Since this immunity is not expressed in isolated protoplasts, it cannot be studied at protoplast level. A detailed description of the interference may contribute to understanding the interaction between CPMV and the immune plants and thereby to the elucidation of the immunity mechanism. Our results strongly suggest that the interaction between CPMV and the immune plants we used involves more than a physical occupation of infection sites.
METHODS
Viruses a~utplams. The CPMV used was a laboratory culture of an isolate from Nigeria (No 6), kindly provided by Dr H. W. Rossel, IITA, Ibadan. The CPSMV used was the Vs isolate from Surinam, described in detail by Agrawal (1964) .
Control plants in protoplast experiments and inhibition tests were of cowpea cv. California Blackeye. This cultivar is susceptible to both CPMV and CPSMV. Quantitative infectivity assays were by local lesion induction on primary leaves of Phaseolus vulgar& cv. Pinto, kept on moist filter paper in Petri dishes. Preparations were compared directly on halves of the same leaves, or with a standard virus suspension on the opposite half-leaves.
Inhibition tests were on plants of the cowpea accession TVu 470 (IITA, Ibadan), the pedigree of which is cv. Variegated A.
Isolation of viruses and viral RNAs. CPMV and CPSMV were purified from primary leaves of cowpea cv. California Blackeye, as described by Van Kammen (1967) .
Middle (M) and bottom (B) components of CPMV were separated by two successive centrifugations in 10 to 50~ sucrose gradients (Beckman SW27 rotor, 17 h, 20000 r.p.m, at 0 °C, with 5 mg of virus per tube in the initial run). After centrifugation the components were collected by puncturing the tubes just under the appropriate bands and after extensive dialysis against 0.01 M-phosphate buffer pH 7 they were concentrated by pelleting at high speed (Beckman R50-2Ti rotor, 2 h, 40000 r.p.m, at 5 °C) and resuspending the pellets in a small volume of phosphate buffer.
The top component (T) of CPMV was obtained by layering 45 mg of purified CPMV in 2 ml phosphate buffer on 20 ml of 41 ~ CsC1 in each of two Beckman R30 tubes and centrifuging these for 20 h at 40000 r.p.m, and 6 °C in a Beckman R50-2Ti rotor. The upper layer with top component was then collected, dialysed against 0.01 Mphosphate buffer and concentrated by centrifugation as mentioned for M and B components. A further purification was achieved by centrifuging in a 10 to 30~ sucrose gradient (Beckman SW41 rotor, 1 h, 40000 r.p.m. at 4 °C). The band containing the top component was collected using a needle and dialysed against phosphate buffer.
RNAs of CPMV and CPSMV were isolated from purified virus particles by the phenol-cresol/SDS method. About 2 ml phosphate buffer containing 100 mg of virus was added to 14 ml of extraction buffer (200 mM-Tris-HC1, 10 mM-EDTA and 100 mM-NaCI, pH 9) and mixed with 2 ml 10~ SDS and 2 ml 0.01 ~ macaloid. The mixture was extracted once for 45 min and subsequently twice for 15 rain with an equal volume of a 60:1:15 mixture (v/v/v) of phenol, cresol and extraction buffer containing 0.1~ 8-hydroxyquinoline. RNA was precipitated by adding 2 vol. of ethanol at -20 °C to the aqueous phase that contained sodium acetate at about 50 mM, washed three times with 70~ ice-cold ethanol, dried and resuspended in 0-01 M-phosphate buffer pH 7.
Concentrations were determined spectrophotometrically using specific absorptions at 260 mn for 0.1 ~ virus, RNA, M or B components of 8.1, 25, 6-2 or 10, respectively, or at 280 nm for 0-1~ top component of 1.28.
U.r. inactivation. Aliquots of 0-5 mI were irradiated in watchglasses (diam. 4 cm) under a Philips TLAD 15W/05 u.v. lamp at a distance of 18 cm. Treatment for 30 min or 10 min completely inactivated CPMV or CPMV RNA respectively.
Protoplast isolation, inoculation and assay. Mesophyll protoplasts from primary leaves Of California Blackeye and TVu 470 cowpeas were isolated and their susceptibility to CPMV was established in two experiments.
In the first experiment protoplasts were isolated, inoculated and incubated as described by Hibi et al. (1975) and Rattier et al. (1979) . Inoculation was with 5 pg/ml of both M and B components of CPMV. After 42 h of incubation samples of the protoplast suspensions were treated with fluorescein isothiocyanate (FITC)-labelled CPMV polyclonal antibodies or with monoclonal CPMV antiserum followed by FITC-labelled rabbit anti-mouse serum. Percentages of protoplasts fluorescing were determined in a u.v. microscope. Forty-two h after inoculation, 1 x t06 protoplasts in 1 ml samples were centrifuged and kept as pellets at -80°C for infectivity assay. Protoplasts were disrupted in a Branson Sonifier Cell disruptor, type B-30 (15 pulses, output control 3.5, duty cycle 50 ~) in 1 ml of phosphate buffer and after clarification by low speed centrifugation, the extract was assayed on six Pinto bean half-leaves against a standard CPMV inoculum. In a second experiment protoplasts of the two cowpea genotypes were isolated as described by Dijkstra et al. (1987) . The protoplasts (2 x 106) were inoculated with CPMV RNA (50 pg in 100 lal) using polyethylene glycol (PEG) and incubated essentially as described by Van Beek etal. (1985) . Twenty-five h after inoculation the numbers of infected cells were determined according to Van Beek etal. (1985) with polyclonal anti-CPMV serum. At 48 h atler inoculation approx. 2 × 106 protoplasts were pelleted and disrupted in 300 gl of 0.1 M-phosphate buffer pH 7. The homogenates were diluted 10-, 100-and 1000-fold in the same buffer. Corresponding dilutions of extracts of California Blackeye and TVu 470 protoplasts were compared directly on eight Pinto half-leaves.
Inhibition tests. The percentage inhibition of CPSMV was determined by comparing the numbers of local lesions induced in primary leaves of TVu 470 plants by CPSMV inocula with and without added CPMV or CPMV RNA. The two types of inocula were applied to opposite leaves using glass rods with a roughened flat end and employing a standard pattern of strokes.
Local lesions were made easily countable as starch lesions. At the end of the day, 72 to 80 h after inoculation, the plants were kept in the dark overnight. The leaves were then stained with iodine (Lindner etal., 1959) and the lesions were counted. The two primary leaves were not separated in the procedure. Lesion counts could thus be directly compared and the Wilcoxon matched-pairs signed-ranks test applied (Snedecor & Cochran, 1982) .
RESULTS

Cowpea test plant TVu 470
The plants of cowpea line TVu 470 are immune to CPMV as defined by Cooper & Jones (1983) . After inoculation of their primary leaves with a very high dose of CPMV (1 mg/ml) no disease symptoms developed nor could infective virus be recovered from non-inoculated leaves by back-inoculation onto plants of the susceptible cowpea cv. California Blackeye. This was also so when concentrated inoculum was applied to primary leaves by electro-endosmosis according to Polson & von Wechmar (1980) , by injection under the lower epidermis or by normal mechanical inoculation and subsequent incubation at 35 °C. Six days after their inoculation, infective virus was recovered from inoculated leaves by back-inoculation. However, this must have been residual inoculum virus, as no virus was detected 6 days after inoculation with CPMV RNA of comparable infectivity nor 13 days after inoculation with the virus inoculum.
In two experiments, protoplasts isolated from TVu 470 plants proved as susceptible as those from California Blackeye plants. In the first experiment protoplasts were inoculated with CPMV particles. About 90~o of the protoplasts in each preparation contained virus as determined by direct and indirect immunofluorescence assays with different antisera. In an infectivity assay on Pinto bean leaves extracts of California Blackeye and TVu 470 protoplasts induced 53 and o/ 65/o, respectively, of the lesion numbers of a standard CPMV inoculum, indicating comparable levels of virus production in the two types of protoplasts.
In a second experiment involving PEG-mediated inoculation with CPMV RNA, 48 and 16~o of California Blackeye and TVu 470 protoplasts respectively were stained. In an infectivity assay the protoplast preparation of TVu 470 appeared to contain two to three times less virus than that of California Blackeye, again indicating a similar level of virus production in each infected protoplast. In no case did non-inoculated protoplasts show fluorescence or yield extracts that induced lesions on Pinto bean leaves.
The immunity of TVu 470 to CPMV is based on a single dominant gene. F2 and F3 progenies of a cross between cv. California Blackeye and TVu 470 were inoculated with 100 gg/ml of CPMV and observed for symptoms of infection. In all progenies, 3 : 1 segregation ratios for immunity and susceptibility could be recognized (Table 1) . F3 seed was raised from randomly chosen healthy and CPMV-infected F2 plants.
Inhibition of CPSMV by infective and non-inJective CPMV
Inhibition of CPSMV infection in TVu 470 by CPMV was dose-dependent. Table 2 (experiments 1 and 2) shows that almost complete inhibition was achieved with a 50-fold excess of CPMV.
Staining of starch lesions was done to facilitate lesion counting. In some of the experiments parts of the plants were left to develop the normal chlorotic local lesions of CPSMV. Although these lesions were difficult to count accurately, it was evident that their formation was also greatly inhibited by added CPMV. Thus, the reduction in the number of starch lesions can be considered to reflect a decrease in the actual number of CPSMV infection centres. * Numbers in parentheses indicate the concentration of the inhibitor in ~tg/ml ~" In all inocula the concentration of CPSMV was 1 ~g/ml in all experiments. :~ Inhibition significant according to the Wilcoxon matched-pairs signed-ranks test (~ = 0.05). Significance could only be established when five or more plants were used.
The reduction of starch lesion numbers was also associated with a reduction in recoverable infectious CPSMV. In an experiment involving different inhibition levels half of the plants at each level were used for staining starch lesions. Sap from the remaining plants was assayed for infectivity. The relationship between the reduction of starch lesions and the decrease in infective virus content is given in Fig. 1 . Although u.v.-inactivated CPMV particles (CPMV-u.v.) were indistinguishable from untreated particles in the electron microscope they did not inhibit lesion formation by CPSMV (Table 2 , experiment 2).
CPMV preparations always contain non-infective RNA-free top component particles (CPMV-T) that have the same coat protein as nucleoprotein particles (Wu & Bruening, 1971) . CPMV-T was purified and used in inhibition tests. In the first test there was an inconsistent, slight inhibition (Table 2 , experiment 3). The CPMV-T preparation used in this case was still somewhat infective, indicating incomplete removal of nucleoprotein particles~ After u.v. irradiation this preparation (CPMV-T-u.v.) had completely lost its capability to inhibit CPSMV (Table 2 , experiment 4).
Inhibition of CPSMV and CPSMV RNA by infective and non-infective CPMV RNA
Like infectious CPMV particles, CPMV RNA significantly inhibited the infectivity of both CPSMV and isolated CPSMV RNA (Table 3) . U.v. irradiation for 10 rain abolished both the inhibitory activity and infectivity of CPMV RNA but did not degrade the RNAs. RNA that had been u.v.-irradiated for 0, 5, 10, 15, 20 or 25 min was resolved into two bands by electrophoresis in 1 ~ agarose.
Inhibition of CPSMV by separate components of CPMV
If inhibition of CPSMV by CPMV results from a specific function of CPMV then the capability to inhibit can be expected to be associated with only one of the two genomic RNAs of CPMV.
The M and B components of CPMV were separated and their infectivities tested. M component was non-infective at 100 ~tg/ml and B component induced only 1/20 to 1/40 of the number of lesions induced by a mixture of M and B components at the same concentrations. Inhibition tests with these separated components showed that the inhibitory activity resided solely in the B component (Table 4) . B component was at least as effective as a mixture of M and B components and no contribution of M component was evident.
P. STERK AND C. P. DE JAGER Interference between mixedly inoculated viruses (both related and unrelated) has been reported by many authors (for review, see Kassanis, 1963) . In some instances the host plant used was immune or resistant to the interfering virus (e.g. Wu & Rappaport, 1961) , as was the case in our present study.
Generally, interference has been ascribed to competition for infectible sites, even though it was recognized in some cases that u.v.-inactivated virus did not interfere (Wu & Rappaport, 1961) . Dose dependence of the inhibition has been commonly found and does suggest blocking of receptors by the interfering virus, but other mechanisms are equally possible. Our results indeed favour an interference mechanism associated with some later stage of the infection process.
Non-infective empty top component particles of CPMV and u.v.-inactivated but intact nucleoprotein particles did not inhibit CPSMV, but CPMV RNA did. Moreover, CPMV RNA could inhibit CPSMV RNA. This rules out the possibility that competition for virus particle attachment sites is involved. Since u.v.-inactivated CPMV RNA could not interfere with infection by CPSMV RNA, competition for any hypothetical RNA receptor sites is also not very likely.
The requirement for the interfering agent to be biologically active indicates that at least correct expression of the interfering RNA is necessary for the inhibition to occur. Our results with separated components of CPMV indeed support the idea that replication of the interfering RNA is a prerequisite for the inhibition. It has been established that the B component of CPMV can replicate by itself, though without spreading from the initially infected cells. Lacking the necessary genes for replication, M component RNA cannot multiply in the absence of B component (Rezelman et al., 1982) . B component, capable of replication, can interfere with CPSMV infection; non-replicating M component cannot. M and B RNAs have considerable sequence homology in their non-coding regions (Goldbach, 1988) , indicating similar interactions in replication and maturation complexes. The difference in inhibitory activity between the two RNAs must, therefore, be attributed to either RNA replication alone, or to the expression of a specific function of the B RNA through one or more of its gene products. Since u.v. treatment destroys both the ability to replicate and to be translated (Fuller & Marcus, 1980) , our results do not exclude the possibility that the interfering viral proteins are translation products of inoculated RNA rather than of progeny RNA. This possibility will be the subject of further investigations.
If replication and expression of CPMV RNA occur in TVu 470, this line shows what is called subliminal infection (Sulzinski & Zaitlin, 1982) by CPMV. The full susceptibility of its protoplasts would be in accordance with such an infectibility. However, the association between interference and full susceptibility of protoplasts does not necessarily exist. Using cv. Arlington, Bruening et al. (1979) found interference similar to that described here for TVu 470, but the protoplasts of Arlington multiply CPMV only very poorly , suggesting a second immunity mechanism.
The immunity of Arlington seems not to be based on a single recessive gene , like that of cowpea accession TVu 1948 (Patel, 1982) . The latter line, therefore, possesses a third type of immunity to CPMV. Experiments are now being performed to determine to what extent the interference with infection by virulent viruses, like protoplast susceptibility, subliminal infection and dominant or recessive inheritance, are associated in the three types of immunity.
